apses.
Results
we also observed a consistent but less robust interaction between GluR6 and both PICK1 and syntenin.
PICK1 and Syntenin Interact with GluR5 2b and GluR6 in the Yeast Two-Hybrid System
Sites of Interaction To define the exact sites of interaction between GluR5 2b To search for proteins involved in the regulation of KARs, we performed a yeast two-hybrid screen of an adult rat and syntenin or PICK1, overlapping truncation mutations and a variety of point mutants of GluR5 2b were brain cDNA library with KAR subunit alternative splice variant ct-GluR5 2b . Strong interactions were detected generated. Figure 1B shows that deletion of the last ten amino acids of GluR5 2b completely eliminated interacwith two separate PDZ domain-containing proteins (Figure 1A) . We isolated 84 clones encoding the entire codtion with both syntenin and PICK1. Surprisingly, the shortest region we tested, corresponding to the last 20 ing sequence of syntenin, a protein with two PDZ domain repeats first reported as an interactor with syndecans, residues and which contains the PDZ binding motif, interacted with PICK1 but not syntenin. Thus, the last a group of cell surface proteoglycans (Grootjans et al., 1997). We also isolated ten clones encoding PICK1, a 20 amino acids of GluR5 2b are necessary, but not sufficient, for the syntenin interaction. protein containing a single PDZ domain that was originally isolated for its interaction with PKC␣ (Staudinger Point mutations within the last three amino acids of GluR5 2b indicated the critical importance of these resiet al., 1995).
Both interactors were tested against a range of baits dues. Interestingly, syntenin and PICK1 displayed a differential tolerance to specific residue changes. Substitucomprising the ct domains of the other glutamate receptors and subunits: mGluR1-8, GluR1 inhibits the binding of GRIP to GluR2, this latter result To validate and extend the yeast two-hybrid assays, we raised the possibility that GluR5 2b and GluR2 bind to performed pull-down experiments with GST-ct-GluR5 2a , different PDZ domains of GRIP. To test this idea, we GST-ct-GluR5 2b , GST-ct-GluR5 2c , GST-ct-GluR6, and investigated the binding of a more restricted truncation GST-ct-GluR7 a . Although we did not detect them in the of GRIP that included only PDZ domains 4 and 5 yeast two-hybrid assays, we also screened for GRIP (GRIP [4] [5] ). GRIP [4] [5] bound efficiently to GluR2, GluR5 2b , and PSD95 retention by each of the constructs because and GluR6 in pull-down assays (data not shown). These GRIP, like PICK1, is a strong PDZ interactor with GluR2 data suggest that GluR5 2b and GluR2 bind differentially (Dev et al., 1999; Xia et al., 1999) , and PSD95 has been to PDZ domains 4 and 5 on GRIP. reported as a GluR6 interactor (Garcia et al., 1998) .
Consistent with its actions on GluR2 (Daw et al., 2000; As shown in Figure 2A , recombinant epitope-tagged Li et al., 1999), pep2-EVKI prevented the binding of syntenin, PICK1, PSD95, and a partial fragment of GRIP PICK1 to GST-ct-GluR5 2b (8% Ϯ 5%, p Ͻ 0.001), but it containing PDZ domains 4-7 (GRIP [4] [5] [6] [7] ; residues 430-had no significant effect on the interaction with syntenin, 1112) expressed in COS7 cells were all efficiently re-GRIP, or PSD95 (86% Ϯ 24%, 90% Ϯ 28%, and 81% Ϯ tained by GST-ct-GluR5 2b , GST-ct-GluR5 2c , and GST-ct-6%, respectively). The pep2-SVKE peptide had little efGluR6. Each interactor bound each of the KAR subunits fect on the binding of GST-ct-GluR5 2b to any of the PDZ in similar amounts. None of the proteins bound to GST
proteins. These results demonstrate that pep2-SVKI and alone, GST-ct-GluR5 2a , or GST-ct-GluR7 a (Figure 2A GST pull-downs from solubilized rat brain extracts were consistent with the results with recombinant proteins were of particular interest since they differentiated between these two interactors (Figure 1 ). We therefore expressed in COS7 cells. An identical pattern of interaction was obtained using native PICK1, GRIP, and PSD95 quantified the effects of these point mutations in pulldown assays ( Figure 2B) . Consistent with the yeast data, from P2 membranes. Each of the proteins was retained by both GST-ct-GluR5 2b and GST-ct-GluR6, but not by GST-ct-GluR5 2b ⌬T(903)P bound PICK1 at levels similar to the wild-type GST-ct-GluR5 2b , but bound to syntenin, GST alone ( Figure 3A) . We next performed coimmunoprecipitation experi-GRIP, and PSD95 at reduced levels. GST-ct-GluR5 2b ⌬V(904)A bound strongly to PSD95 and to a lesser extent ments to demonstrate the interaction between the native proteins in brain. Consistent with a previous study (Garsyntenin but had much reduced binding to PICK1 and GRIP. Interestingly, GST-ct-GluR5 2b ⌬A(905)S showed cia et al., 1998), we successfully coprecipitated native PSD95 from rat brain using anti-GluR6/7 antibody (data very robust binding to GRIP but little or no binding to PICK1, syntenin, or PSD95. Thus, in neurons, infusion not shown). However, we were unable to coimmunoprecipitate any of the other PDZ interactors with this of GST-ct-GluR5 2b ⌬V(904)A would be predicted to act as an inhibitor of syntenin and PSD95 binding, whereas antibody. The most likely reason is that the anti-GluR6/7 antibody recognizes an epitope within the C-terminal GST-ct-GluR5 2b ⌬A(905)S would selectively prevent GRIP binding to KARs.
domain of GluR6 that occludes interacting proteins other than PSD95. In an attempt to overcome this techniPeptide Blockers In a complementary strategy, we included peptides corcal problem, we used a monoclonal anti-GluR5/6/7 antibody that recognizes the N-terminal domain of the KAR responding to the wild-type or point mutants of C-terminal 11 amino acids of GluR2 in the GST-ct-GluR5 2b subunits to immunoprecipitate native KARs from rat brain. With this antibody we were able to coimmunopull-down assays. We, and others, have used these peptides to discriminate between GRIP and PICK1 interacprecipitate native PSD95 and GRIP (Figure 3Ba (data not shown). This lower efficiency, combined with The presence or the absence of calcium in the extraction medium did not have any significant effect on the the fact that the antibodies to PICK1 are less sensitive than those for GRIP or PSD95, prevented detection of amount of interacting protein precipitated. No immunoprecipitate was obtained in parallel control experiments PICK1 coimmunoprecipitation from rat brain.
Because of the limitations of the available antibodies using anti-myc antibody in wild-type (i.e., not expressing myc-GluR6) mice. against native receptors, we pursued the alternative strategy of using transgenic mice in which the GluR6 subunit is myc tagged on its N-terminal extracellular Subcellular Localization of GluR6/7 and PDZ-Containing Interactors domain (Coussen et al., 2002) . Using a monoclonal antimyc antibody, both GRIP and PICK1 ( Figure 3Bb) were We compared the subcellular distribution profiles of GluR6/7 and the PDZ-interacting proteins in the rat successfully coimmunoprecipitated with myc-GluR6. 6C and 6E ). This measured 110-120 ms after the last stimulus throughout effect was very similar to that observed with GST-ctthe recordings. Effects on AMPAR-mediated EPSC GluR5 2b . In contrast, pep2-SVKE (100 M) had little effect (EPSC A ) were determined by measuring the peak ampli- (Figures 6D and 6E ). In the biochemical experiments, tude of EPSCs evoked by single shock stimuli at the pep2-SVKI and pep2-EVKI selectively blocked the start and at the end of the each experiment. Under these PICK1-GluR5 2b interaction, while pep2-SVKE had no conditions, GST-ct-GluR5 2b ( Figures 5B and 5F ), but not strong inhibition of any interaction. Therefore, these re-GST alone (Figures 5A-5F ), caused ‫%05ف‬ reduction in sults suggest that, in addition to GRIP, PICK1 also has EPSC K , similar to that observed for the pharmacologia role in the acute regulation of synaptic KARs. cally isolated EPSC K ( Figure 5F ). However, neither GSTct-GluR5 2b nor GST alone had any effect on EPSC A (FigDifferential Regulation of Synaptic AMPARs ure 5G). We also found that GST-ct-GluR6 caused a and KARs similar depression in EPSC K and was similarly selective
We simultaneously investigated the effects of the pepfor KARs over AMPARs ( Figures 5C, 5F, and 5G) . The inactive control peptide pep2-SVKE had no effect synaptic KARs. However, these data do not exclude a role for PICK1.
on EPSC A (Figures 6D and 6E ). Regulation of Synaptic KARs by PKC S880, S886, or both to alanines in the full-length ctGluR5 2b . Each of the mutants displayed significantly deThe electrophysiological data suggest that disruption of either GRIP or PICK1 binding causes a loss of functional creased levels of PKC phosphorylation compared to wild-type ct-GluR5 2b , with the double mutant showing synaptic KARs. To investigate the mechanism for such rapid and selective regulation of KARs, we focused on markedly decreased phosphorylation compared to either of the single point mutants. These results demonthe role of PKC since PICK1 is an interactor with PKC␣ (Staudinger et al., 1995, 1997) . Ct-GluR5 2b has at least strate that both S880 and S886 of GluR5 2b can be phosphorylated by PKC␣. five candidate serines and one threonine for PKC phosphorylation as predicted by the NetPhos database. To To determine whether PKC activity regulates KAR function at synapses, we investigated the effects of test if these residues can be phosphorylated by PKC␣, we performed in vitro 32 P assays using GST-ct-GluR5 2a , blocking endogenous PKC activity on EPSC K in CA3 neurons. Bath application of the selective PKC inhibitor GST-ct-GluR5 2b , and GST-ct-GluR6. In all experiments, GST-ct-GluR2 was used as a positive control since this calphostin-C (1 M) caused a rapid reduction in the amplitude of EPSC K , measured as the slow component has been previously reported to be phosphorylated by PKC␣ (Chung et al., 2000b; Perez et al., 2001 ). GluR5 2b of the dual component EPSC evoked by five shocks at 50 Hz ( Figure 7B ). PKC inhibition, however, had no effect and GluR6, but not GluR5 2a , were efficiently phosphorylated by PKC in vitro (data not shown). on the amplitude of EPSC A simultaneously measured as the peak of the fifth EPSC in the same experiments We next constructed a series of overlapping truncation mutants to determine the phosphorylation sites on ( Figure 7C ). This selective reduction in EPSC K amplitude was very similar to that observed with pep2-EVKI, which GST-ct-GluR5 2b . As shown in Figure 7A , the ⌬4 truncation was strongly phosphorylated by PKC, whereas ⌬3 selectively blocks PICK1 binding to GluR5 2b . These results show that PKC can differentially regulate AMPAR showed very little phosphorylation. From the predicted PKC phosphorylation sites, these data suggest that and KAR function at the same population of synapses. Furthermore, this provides a mechanism whereby PICK1 S880 and/or S886 are phosphorylated by PKC␣ in vitro. To better identify the phosphorylation sites, we mutated can maintain KAR function by targeting PKC to KARs, show KAR subunits in the synaptosomal and PSD fractions consistent with their presence on both presynaptic show that peptide inhibitors, as well as the ct mutants, can selectively inhibit interactions between PDZ proterminals and postsynaptic membranes. Each of the interacting proteins was also expressed in the synaptoteins and specific glutamate receptor subunits and therefore provide useful tools to investigate the funcsomal fraction. Further analysis of synaptosomal PSD fractions by differential detergent extraction revealed tional relevance of these interactions.
An unexpected result was the lack of interaction bethat PSD95 was most tightly associated with the postsynaptic density since it was enriched in PSDIII. GluR6/7 tween the C terminus of GluR5 2c and PICK1 in the yeast two-hybrid assay. A recent study has demonstrated that was also present in the PSDIII but at reduced levels compared to PSDII and PSDI. GRIP and PICK1 were residues within the NSF binding domain of GluR2, a nonadjacent region upstream of the PDZ binding doenriched in the PSDI, present in PSDII, but were not detected in PSDIII, suggesting that these proteins are main, are important for the GluR2-PICK1 interaction (Hanley et al., 2002) . By analogy, one explanation may less tightly anchored at the postsynaptic density and may be more mobile ( Figure 3C ). This is consistent with be that the presence of the insert within ct-GluR5 2c negatively influences the binding of PICK1 to the ϪETVA PDZ the known actions of GRIP and PICK1 on AMPARs and suggests that these proteins may be involved in KAR binding domain. The fact that PICK1 bound to ct-GluR5 2c trafficking and surface expression. For example, it has tides on EPSC A at mossy fibers were the same as for CA1 synapses (Daw et al., 2000) . This suggests that recently been shown that GRIP directly associates to kinesin motor proteins, thus providing a transport mech-PDZ protein interactions regulate AMPARs in a similar manner at very different types of glutamatergic synapse. anism for GluR2-containing AMPARs (Setou et al., 2002) . Since the kinesin binding domain on GRIP does not Thus, the PICK1-specific inhibitor pep2-EVKI did not affect basal transmission, whereas pep2-SVKI caused involve the PDZ domains, it is possible that the GRIPkinesin complex may also be involved in the targeting a run-up in approximately one-third of synapses. This effect was attributed to insertion of AMPARs into synand transport of KARs. Interestingly, syntenin showed a distinctly different subcellular distribution profile to apses as a result of disruption of subsynaptic GluR2-GRIP interactions. In the present study, infusion of ctthe other interactors. Syntenin was abundant in the synaptosomal fraction, was present at a lower level in PSDI, GluR5 2b , ct-GluR6, and certain mutants that bind GRIP did not cause a sustained run-up in EPSC A . This is conbut was completely absent from PSDII and PSDIII. These data suggest that syntenin may have a largely presynapsistent with a selective blockade of the KAR-GRIP interaction by these KAR subunit C termini with no significant tic localization, where it could play a role in the targeting of presynaptic KARs.
block of the GluR2-GRIP interaction. with the following modifications. The synaptosome fraction was cDNAs encoding the C terminus cytoplasmic domain of the rat KAR solubilized in ice-cold 0.5% Triton X-100 for 15 min and centrifuged subunit GluR5 2b (residues 841-905), both wild-type and mutants, as at 32,000 ϫ g for 20 min to obtain the PSD I pellet. PSD II and PSD well as of the C termini of GluR5 2a (residues 841-856), GluR5 2c (resi-III pellets were obtained by resuspending the PSD I pellet in 0.5% dues 841-934), GluR6a (residues 841-908), and GluR7 a (residues Triton X-100 and ice-cold 3% Sarcosyl, respectively. After 10 min 811-888) were cloned by PCR using specific primers and inserted incubation on ice, the insoluble fractions were separated by 1 hr in-frame into the pBTM116 vector (bait vector). centrifugation at 201,800 ϫ g. All pellets were resuspended in either The rat syntenin and PICK1 cDNAs were isolated by the yeast PBS or 40 mM Tris-HCl (pH 8.0). Protein concentrations were detertwo-hybrid screen of an adult rat brain cDNA library cloned into the mined using the BCA protein assay (Pierce). GAL4 activation domain vector pGAD10 (fish vector; Clontech) with pBTM116-ct-GluR5 2b (Nishimune et al., 1998) . GRIP [4] [5] [6] [7] (residues 430-1112 in pGAD10) was isolated from a yeast two-hybrid screen Preparation of Solubilized Proteins FLAG-PICK1, myc-GRIP [4] [5] [6] [7] , myc-PSD95, and HA-Syntenin soluble performed using ct-GluR2 as a bait. To map the interaction sites, truncation mutants of either PICK1 or syntenin were prepared by recombinant proteins were obtained from cell lysates of COS7 cells transiently transfected using FuGene6 (Roche). Cells pellets were PCR using specific primers and subcloned in-frame into the pGAD10 vector. All constructs were verified by sequencing. resuspended in PTxE (PBS containing 0.1 mM EDTA, 1% Triton X-100 [2% TritonX-100 for the extraction of myc-GRIP [4] [5] [6] [7] ], pH 7.4), The FLAG tag was introduced at the N terminus of PICK1 by PCR and subcloned into the mammalian expressing vector pCIneo (Dev sonicated 6 ϫ 10 s on ice, solubilized by rotation for 1hr at 4ЊC and centrifuged at 15,000 rpm for 20 min at 4ЊC. The supernatant was et al., 1999). Myc and HA epitope tags were introduced to the N terminus of GRIP [4] [5] [6] [7] and full-length syntenin by subcloning them used in pull-down assays. For pull-downs using native proteins, adult rat brain homogenates from pGAD10 into pCMV-myc or pCMV-HA (Clontech) respectively.
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